†a) , Takayuki ISOGAWA † , Student Members, and Tadao NAGATSUMA † , Fellow SUMMARY Three dimensional (3D) terahertz (THz) imaging or THz tomography has recently proven to be useful for non-destructive testing of industrial materials and structures. In place of previous imaging techniques such as THz pulse or continuous wave (CW) radar, we propose a THz optical coherence tomography (OCT) using frequency-swept THz sources, and demonstrate 3D imaging. In addition, we further apply this technique to the millimeter-wave region in order to extend applicable targets.
Introduction
Recently, there exist various techniques for non-destructive and non-contact imaging using electro-magnetic waves such as microwaves, infrared light, X-rays, etc. Terahertz (THz) waves, ranging from 100 GHz to 10 THz, have been employed extensively in imaging applications, where conventional electro-magnetic waves are not effective. In particular, the three-dimensional (3D) THz imaging or THz tomography has attracted a great deal of interest in various fields, such as medicine, pharmacy, security and industrial applications [1] - [3] , and several concepts of tomographic imaging techniques are summarized in Fig. 1 .
THz-signal sources used for tomographic imaging are categorized into pulse wave and continuous wave (CW) signals. Among the types of THz tomographic imaging developed, most are based on THz pulse waves, and sometimes referred to as THz time-of-flight [2] - [5] . The THz pulse is incident to the object under test, and 3D images are obtained by observing the amplitude and timing of THz pulses reflected from the object. Although the THz time-of-flight has proven to be a powerful inspection technique, particularly for a depth resolution of less than 0.1 mm, their drawbacks are the system size, cost and complexity, stemming from the use of femtosecond pulse lasers and other components needed for data acquisition.
The second technique for tomographic imaging is based on computed tomography (CT) which uses pulse or CW [6] , [7] . The object is mounted on a rotation stage, and 3D images can be obtained by rotating the object and applying signal processing to the angle-dependent signals transmitted through the object. Not only the internal structure, but also the spectroscopic information of the object has been obtained with the THz pulse-based CT systems [8] . However, the rotation of projection angles requires a long measurement time, in particular for complicated and/or large objects. The third technique is the CW THz radar, using frequency-modulated continuous-wave (FMCW) [9] - [11] . The THz FMCW radar has been studied for use in standoffimaging of concealed weapons under clothes at distances from 4 to 25 m. The depth resolution is determined by the swept frequency range and it is typically from 5 mm to 1 cm.
In order to solve the problems of the above mentioned techniques, we have previously proposed the use of optical coherence tomography (OCT), which has been established for infrared imaging, in the THz region [12] , and have developed a THz tomography system based on a timedomain (TD) OCT technique using a low-coherence THz-CW source and a Mickelson interferometer [13] . Here, lowcoherence THz signals are generated by injecting the amplified spontaneous emission (ASE) noise from the optical amplifier into the photodiode [14] - [16] . THz-TD-OCT offers several advantages in that it is cost-effective, eliminates the need for complicated signal processing, is applicable to any object, and does not suffer from the interference pattern effect [16] . While we have succeeded in the tomographic imaging of objects, the mechanical movement of the reference mirror in the interferometer for obtaining depth information caused an increase in the measurement time.
In this paper, in order to shorten the measurement time, we further extend the idea of THz-TD-OCT, and propose THz tomographic imaging based on "frequency-domain" or swept source (SS) OCT techniques. SS-OCT in the infrared region acquires depth information by sweeping the frequency of infrared light sources. This eliminates the need for a translation stage for the movable mirror, contributing to a reduction not only in the system size but also in the acquisition time. In our THz-SS-OCT system, we generate frequency-swept THz signals by using a highpower uni-travelling-carrier photodiode (UTC-PD) excited by frequency-swept light sources.
We also apply the THz-SS-OCT technique to the millimeter-wave region, because millimeter-wave can penetrate more deeply into thick materials and structures [17] - [19] .
In Sect. 2, we briefly describe the configuration of THz-OCT. Next, we discuss the characteristics of THz-SS-OCT in Sect. graphic imaging with the THz-SS-OCT. Finally, in Sect. 5, we extend the idea of SS-OCT into the millimeter-wave regime and demonstrate tomographic imaging of concrete structures.
System Configuration of THz-OCT

THz-Signal Sources
To generate frequency-swept coherent THz waves, we employed a photo-mixing technique using two laser sources: one is a fixed wavelength source and the other is a frequency-swept source. These two optical signals are injected into a uni-travelling-carrier photodiode (UTC-PD) module [20] . The frequency of monochromatic THz waves generated by the photodiode is determined by the wavelength/frequency difference of the two laser sources. Therefore, we can generate frequency-swept THz waves by changing the frequency difference of the two lasers. Figure 3 shows the frequency dependence of the output power of the UTC-PD module, when the frequency of the tunable laser is changed from 194.000 THz to 193.700 THz and the frequency of the fixed wavelength laser is fixed at 194.200 THz. Under this condition, the frequency of THz waves generated from the UTC-PD is swept from 200 GHz to 500 GHz.
On the contrary, for the generation of low-coherence THz signals, a broadband amplified spontaneous emission (ASE) noise generated by an optical fiber amplifier is used as the optical signal source just by eliminating wavelengthtunable lasers. The UTC-PD module converts every two optical wavelength of lights in the ASE noise spectra into THz waves, which have frequency characteristics as shown in Fig. 3 . Figure 4 shows a block diagram of the THz OCT, which consists of a THz-signal source and a Mickelson interferometer. In this setup, THz waves are emitted from the horn antenna of the UTC-PD and travel to a beam splitter (BS), where they are divided into two directions with a power ratio of 50/50. One wave goes to the reference mirror and the other goes to the test object after being focused through an objective lens. Reflected waves from the reference mirror and backscattered wave from the test object travel back to the beam splitter and go to a Schottky barrier diode (SBD), which is used as a power detector. Finally, the detected signals are amplified with a preamplifier and a lock-in ampli- fier. An optical modulator operated at 10 kHz is inserted in front of the photodiode to allow for lock-in detection. A personal computer (PC) is used for collecting the transferred data from the lock-in amplifier, and for controlling the components of the system. 3D imaging is operated by fixing the object on the x-y motor stage and moving it in steps to the x-and y-directions, performing the so-called raster scan.
Setup for THz-OCT
THz Time-Domain OCT
The THz time-domain OCT (THz-TD-OCT) uses a lowcoherence THz signal source. In TD-OCT, the depth information of the object is obtained by changing the optical path length difference between reference side and object side, and the detected signals show the interference pattern when the optical path length difference becomes zero. The reference mirror is mechanically moved in order to change the optical path length difference. The key point of our THz-TD-OCT system is that the movement of the reference mirror and object lens are synchronized in order to equalize the optical path length from the beam splitter to the reference mirror and the focal point of the object [15] . In this case, the interference signal is maximized, and the waves reflected from the focal point of the object can be discriminated according to the depth resolution determined by the low-coherence THz signal source.
THz Swept-Source OCT
The THz swept-source OCT (THz-SS-OCT) uses a frequency-swept THz signal source. The interference signal after the frequency sweep consists of the sum of cosine functions, and the frequency of these cosine functions is dependent on the optical path length differences between the reference mirror and the reflection points of the object. After Fourier-transforming the interference signals, the depth information of the object can be obtained as a point spread function, where the position of the peak signal corresponds to the optical path length difference. 
Characteristics of THz-SS-OCT
Frequency Spectra
The solid line in Fig. 5(a) shows the frequency spectrum of swept THz signals, which get through the Mickelson interferometer without an object. Note that there is a slight difference in the frequency characteristics of the signals measured directly from the UTC-PD (Fig. 3) and from the reference mirror ( Fig. 5(a) ), especially in the frequency range of 200-240 GHz. This is probably caused by the Fabry-Perot interference effect in the beam splitter. In our system, we employ 190 μm thick high resistivity float zone silicon (HRFZ-Si). The reflection characteristic of this beam splitter is shown as a dotted line in Fig. 5(a) . The reflectivity drops to zero at about 238 and 476 GHz, a result which is in good agreement with the obtained frequency spectrum. Figure 5 (b) is a spectrum of the interference signal with a plane mirror as the object, when the optical path length difference is set to 10 mm. The main difference between the two signals is that the oscillatory behavior in the signal can be observed when there is an object under test as shown in Fig. 5(b) . Since a plane mirror used for the object has a single reflection point, the interference signal shows a single frequency cosine function.
Calibration of Depth Information
After Fourier-transforming Fig. 5(b) , the point spread function, which corresponds to the position of the object, can be calculated as shown in Fig. 6 . The pulse-like signal has Fig. 4(b) .
Fig. 7
Relationship between the optical path length difference and the peak position of pulse-like signal. a peak at 10.24 mm, which is in good agreement with the optical path length difference, 10 mm.
In the process of calculating the point spread function (PSF), we performed the calibration of the horizontal axis from the calculated data point to the true optical path length difference as follows: The relationship between the peak of a pulse-like signal and the optical path length difference is shown in Fig. 7 . After calibrating the horizontal axis, the optical path length difference per data point interval was determined as 0.08 mm.
Measurable Range of Depth
The depth to which we measure reflected signals is one of the important parameters for non-destructive inspection. We determine the measurable range of depth by measuring the signals for the plane mirror as an object at each depth position. Figure 8 shows the dependence of the signal power on the optical path length difference for main and side lobes indicated in Fig. 6 . As can be seen, the signal power of the side lobe becomes higher than that of the main lobe when the optical path length difference becomes 50 mm. In such a situation, correct depth information cannot be obtained. Therefore, in this case, the practical measurable range is determined as 50 mm.
Depth Resolution
The theoretical depth resolution, δz, of the SS-OCT is given as [21] δz = 2 ln 2 π where λ 0 is the center wavelength and Δλ is the full width half maximum (FWHM) of the signal, and n is the refractive index of the object. In our system, the generated THz waves have a 325 GHz center frequency and a FWHM of 87.4 GHz, corresponding to λ 0 = 0.923 mm and Δλ = 0.253 mm. From Eq. (1), the theoretical depth resolution, δz, is 1.49 mm in air (n=1.0). To evaluate the depth resolution of our system in a more practical situation, we prepared plastic plates with different thicknesses. Assuming that the reflected signals of THz waves are detected only when the refractive index of the object changes, two peaks of point spread function (corresponding to the front and back sides of the plastic plate, respectively), should be observed. Figure 9 shows the point spread function of each plastic plate: 0.9, 1.0, 3.0, and 5.0 mm. Two peaks are observed for 1.0, 3.0 and 5.0 mm, but not for 0.9 mm thickness. Thus, the recognizable thickness of the plastic plate is 1.0 mm.
The distances between the two peaks in the 1.0, 3.0 and 5.0 plates are measured as 2.08, 3.2 and 8.16 mm, respectively. These values are slightly larger than the actual thicknesses of the plastic plates. This is because the optical path length, L, is the product of the thickness, d, and the refractive index, n; that is, L = d × n. Figure 10 shows the relationship between the actual thickness and the measured distance between the two peaks. The dotted line is the line of the best fit, and its slope gives the refractive index of the plastic plate we used. As a result, the refractive index of the plastic plate in the THz region can be estimated as 1.55. In addition, from Eq. (1), the experimental depth resolution in the air is determined as δz = 1.55 mm, which is close to the calculated theoretical depth resolution i.e., 1.49 mm.
Lateral Resolution
Next, let us discuss lateral resolution. After observing the change in signal power using the knife edge method, we measured the lateral resolution of the system as follows. By moving a metallic plate, the signal power changes from 0% to 100% as shown in Fig. 11 . The beam waist of the focused THz wave can be defined as the distance from 0% to 100% transmission. The experimental lateral resolution is given as a FWHM of the beam waist, 2δx. Since the experimentally obtained beam waist is 3.4 mm, the lateral resolution, δx, is 1.7 mm. Here, the theoretical lateral resolution with the objective lens, δx, is given as [22] 
where λ 0 is the center wavelength of the THz wave source, f is the focal length, and D is the diameter of the objective lens. By substituting λ 0 = 0.923 mm, f = 75 mm, and D = 50 mm, the theoretical δx becomes 1.69 mm. This value is in good agreement with the experimental result mentioned above.
To sum up this section, basic system performance parameters are listed in Table 1 .
Experimental Results of Tomographic Imaging
In this section, we demonstrate the 3D-imaging with our THz SS-OCT system. Figure 12(a) shows the test object. The object consists of three plastic plates which have hollow holes in the shape of the capital letters T, H, and Z. Each plastic plate is 50 mm 2 , 1 mm thick, and the distance between the plates is about 3 mm between the first and second and 10 mm between the second and third. Figure 12 (b) shows tomographic images of the object. As can be seen, each plate consists of two lines corresponding to the front and back sides, respectively, and as a result the position of each plate can be determined. Figure 12 (c) shows crosssectional images at the front side of each plate. The capital letters T, H and Z are clearly observed. The number of voxels of this tomography is 30 × 30 × 500 and the resolution is 1.7 mm in the x-and y-directions, respectively, and 0.08 mm in the z-direction. The total measurement time of this object is 90 minutes for a full scan. On the other hand, the measurement time of the same object when using THz-TD-OCT is about 3 hours. From these results, we can say that introducing a frequency-swept source instead of the mechanical movement of the reference mirror can decrease the measurement time for tomographic imaging. Figure 13 shows a block diagram of the millimeter-wave SS-OCT. The frequency range of the millimeter-wave is from 22 GHz to 43 GHz. The lower frequency is limited by the cutoff frequency of the waveguide WR-28, while the higher one is limited by the synthesized signal generator. Millimeter-waves are radiated from the horn antenna and incident to the Mickelson interferometer. A hyperbolic lens was used in order to perfectly collimate the millimeterwaves. The basic properties of the millimeter wave SS-OCT are summarized in Table 2 .
Application of Millimeter-Wave Tomography
In order to make the system compact, we integrated the components in the dotted area of Fig. 13 on the plastic-plate platform. Figure 14 shows a photo of the integrated system. The size of the system is 30 cm × 30 cm × 30 cm. Other components, such as a signal generator, a TTL modulator, a lock-in amplifier, etc., are placed in a movable cabinet. To confirm that the system is applicable to the structural inspection of buildings, we conducted an experiment aimed at imaging the hidden cracks in a concrete structure. The size of the object is 100 mm 2 , and the positions of the cracks are 3 mm deep under the concrete surface. Figures 16(a), (b) show cross-sectional images at the surface and the 3 mm depth point, and the few millimeter-width hidden cracks are clearly observed in Fig. 16(b) . Thus, we have been able to prove that the millimeter-wave SS-OCT enables us to inspect hidden cracks in concrete structures.
Conclusion
Tomographic imaging with terahertz waves is expected to be utilized for various industrial applications as a new nondestructive and non-contact inspection system. In this paper, we have proposed and demonstrated SS-OCT-based THz tomography as a novel technique apt to replace other tomographic imaging techniques.
Using a frequency-swept THz source centered at 325 GHz, we have experimentally demonstrated tomographic imaging with a depth resolution of 1.55 mm and a lateral resolution of 1.7 mm. In addition, we developed millimeter-wave tomography using SS-OCT techniques, and succeeded in the tomographic imaging of hidden cracks in a concrete structure.
In our future work, we shall focus on improving the measurement time. The raster scan requires a long time to image the object. Therefore, we will introduce the Galvano scanner with a Galvano mirror and an f-theta lens. Furthermore, we will try to establish a tomographic imaging system applicable to the diagnosis of sub-millimeter thin-layer structures, such as multi-layer films of painting or coating, while improving the depth resolution of the system by using a higher center frequency and a wide frequency band of about 600 to 900 GHz. 
